Abstract: During many insemination interventions semen coagulates already within the insemination needle, which considerably lengthens the duration of inseminating a single queen bee. Considering this, the authors decided to determine the type and activity of proteases and their inhibitors in normal and coagulated sperm. The samples were collected from mature and old drones. The sperm proteins were isolated in 1% Triton X-100. The samples containing isolated proteins were tested as follows: protein concentration assay by the Lowry method; proteolytic activity in relation to various substrates (gelatine, haemoglobin, ovoalbumin, albumin, cytochrome C, casein) by the modified Anson method; proteolytic activity in relation to diagnostic inhibitors of proteolytic enzymes (pepstatin A, PMSF, iodoacetamide, o-phenantrolin), using the Lee & Lin method; acidic, neutral and basic protease activity by means of the modified Anson method; electrophoretic analysis of proteins in a polyacrylamide gel for protease detection with the Laemmli method; the activity of aspartic and serine protease inhibitors by the Lee and Lin method; electrophoretic analysis of proteins in a polyacrylamide gel for protease inhibitor activity detection by means of the modified Felicioli method. The mixing of non-coagulated semen from different drones increased protein concentration. The activities of proteases were decreased in normal sperm samples as compared with a corresponding rise in the sperm mixture from many drones. The non-coagulated sperm samples were found to contain aspartic and serine proteases. Additionally, thiolic and metallic proteases were also found in the coagulated sperm samples. There was a rise in protease inhibitor activity at pH 3.0 and 12.0, and a fall at pH 7.0 after mixing the sperm samples collected from numerous drones. Oscillation in these activities stemmed from sperm coagulation.
Introduction
During the mating flight, a comet of drones follows the queen as the drones compete to copulate with her. Queens are preferentially inseminated by drones of their own breed (Kerr & Bueno 1970; Koeniger et al. 1989) , and drones avoid copulation with a queen of another race. A successful copulation depends on the queens because they make the choice. A queen will open her sting chamber to allow a male to insert his genitalia (Winston 1991; Strassmann 2001) . Semen of a number of drones is mixed in the reproductive tract of the queen bee (Woyke 1963) . The mating flight takes place high in the air and queens only copulate during a brief period early in life (Baer 2003 (Baer , 2005 Boomsma et al. 2005) . That is why breeders of queen bees take advantage of artificial insemination procedures which enable them to have full control over the fertilization (Cobey 2007) . This is extremely important for the breeding and selection of bees, as it is necessary to know the origin of both the parents. What has recently been increasingly more often observed are problems associated with natural and artificial insemination of queen bees (Loc verbal information obtained from Polish queen bee breeders). They claim that during many insemination interventions semen often coagulates already within the insemination needle, which considerably lengthens the insemination time of a single queen bee. Problems with insemination are generally known and may result from a competition of semen in the reproductive tract of the female (Pizzari & Foster 2008) . Males transfer a complex mixture of components to the female along with sperm. These components also seem to be agents of sexual conflict (Tozetto et al. 2007; Findlay et al. 2008; Baer et al. 2009; Collins et al. 2006; Colonello & Hartfelder 2005) . Following natural copulation of the queen with a number of drones, internal complications may occur (Ruttner 1954) . They might be brought about
by a single drone that, e.g., participated in the copulative act as one of the first and caused the sperm to clump (Taber 1955; Page & Metcalf 1982) or spermatozoa originating from a single drone to form inseparable pairs (Mackensen 1951) . Following copulation, there may be competition among spermatozoa from different ejaculates (Pizzari & Foster 2008) provided by particular drones (polyandry). This may cause the sperm to coagulate/agglutinate. One of the reasons may be sex locus incompatibility, and post-copulative selection, with the semen not entirely used due to being deposited in the reproductive system of the queen bee (Verma 1974) or within the insemination needle.
The macroscopic method uses the consistency estimation as conceived of by Woyke (1964) . Woyke classifies semen into: 1) sparse semen, which is not suitable for insemination, 2) semen that is optimal for insemination, and 3) dense semen -also not suitable for insemination.
The available sources contain information on the influence of proteins on sperm coagulation, e.g., proteolytic enzymes (Toshimori 2000; Rutllant & Meyers 2001; Lung et al. 2002) or hyaluronidase (Lin et al. 1994) in mammals. Considering this, the present work was aimed at testing the activity of sperm surface proteins in non-coagulated sperm and in sperm whose image suggested coagulation (hereinafter referred to as coagulated sperm) sampled from drones during one beekeeping season.
Material and methods
The drones for the instrumental insemination of the apiary queens were obtained from one parental colony of Buckfast bees. The semen was collected from mature drones ranging from 14 to 27 days of age (optimal semen for instrumental insemination). Bearing in mind that the semen of older drones -aged 30 days (dense semen) is more frequently coagulation-prone , samples containing such semen were also collected. The semen that underwent coagulation already within the insemination needle during the insemination of the queens was collected into separate germ-free Eppendorfs. The same parental colonies that provided coagulated semen were also selected to sample semen from the drones that did not produce coagulative semen. Due to the fact that coagulation was rather rare, three groups of coagulated semen were obtained from 1 mature drone, 8 mature drones and 4 old drones. The semen was compared with the non-coagulated semen of 1 mature drone, 4 mature drones and 8 mature drones. Twenty samples of semen were collected from each group. The spermatozoa were frozen in germ-free Eppendorf test-tubes at -8
• C for 1 week and then at -24
• C for 1-2 months. The samples were subsequently defrozen and 1.5 ml of a 1% detergent solution (Triton X-100) were added. The sperm samples were shaken/rinsed for 30 min. at 8,000 rpm. After filtrating each of the samples through Miracloth, a solution was obtained that contained proteins. The solution was frozen in a refrigerator at -24
• C. Prior to refrigeration, each sample was observed with an Olympus BX61 microscope (camera: Olympus DP72) to see whether sperm structure was destroyed. Apart from the washed-out surface proteins, the isolate may have contained proteins from inside the sperms, despite the fact that the microscopic image showed the spermatozoa intact.
At the beginning of the experiment, pH profiles of the samples containing washed-out proteins were determined. The optimal pH values were selected at which the enzymes revealed the highest proteolytic activity in the sperm of the drones. These pH benchmarks were 3.0, 7.0 and 12.0. Next, the samples containing washed-out proteins were analysed biochemically as follows:
-quantitative total protein concentration assay using the Lowry method, as modified by Schacterle & Pollack (1973) ; -testing proteolytic activity in relation to the substrates (gelatine, haemoglobin, ovoalbumin, albumin, cytochrome C, casein) by the modified Anson method (1938); -determination of proteolytic activity in relation to the diagnostic inhibitors of proteolytic enzymes (pepstatin A, PMSF, iodoacetamide, o-phenantroline) according to Lee & Lin (1995) ; -determination of the activity of acidic, neutral and basic proteases by means of the modified Anson method (1938); -electrophoretic analysis of proteins in a polyacrylamide gel for protease detection by Laemmli (1970) ; -determination of the levels of natural inhibitors of acidic, neutral and alkaline proteases, based on the method by Lee & Lin (1995) ; -electrophoretic analysis of proteins on a polyacrylamide gel in order to detect aspartic and serine protease inhibitors using the modified Felicioli method (Felicioli et al. 1997) .
The statistical calculations were carried out with SAS software (SAS Institute User's Guide Version 6.11., 1996). The statistical differences between the experimental factors were investigated using ANOVA.
Results
Mixing of non-coagulated semen from different drones increased protein concentration (Table 1) , whereas in the case of mixing coagulated semen -protein concentration varied. Both in the normal and coagulated sperm, proteolytic activity was observed only in relation to ovoalbumin at pH 7.0 and hemoglobin at three pH levels (3.0, 7.0 and 12.0; Table 1 ). Protease activities in relation to hemoglobin at each pH were higher in normal sperm than after coagulation, but in relation to ovoalbumin the pattern was inverse. The activities of these enzymes were decrescent in normal sperm samples as compared with a corresponding rise in the sperm mixture from many drones. The lowest of protease activities in relation to hemoglobin were observed in the coagulated sperm of the 4 old drones.
Aspartic, serine, thiolic and metallic proteases were found in the coagulated sperm samples (activity in relation to pepstatin A, phenylmethylsulfone fluoride (PMSF), iodoacetamide and o-phenantroline). The normal sperm samples were found to contain aspartic and serine proteases.
In the electrophorograms it can be observed that the mixing of the sperm of some of the drones reduced the number of bands associated with neutral proteases Explanations: * proteins with that molecular weight were not detected; MW -molecular weight; OD -width of the bands. Table 3 . Protease inhibitor activities (As U × mg −1 ) and concentrations (C µg × ml −1 ) in the samples rinsed from the drone spermatozoa in an acidic (pH 2.4), neutral (pH 7.0) and basic (pH 11.2) environment. pH 3.0 pH 7.0 pH 12.0 Spermatozoa from As ± SE C As ± SE C As ± SE C Explanations: various lowercase letters -the differences are statistically significant for comparisons in the columns for P ≤ 0.05; x -mean value; SE -standard error.
( Table 2) . Furthermore, the width of the proteolytic bands increased after coagulation and extensive bands within the range of molecular weight from 30/40 kDa to 65/70 kDa were observed in the electrophorograms. Protease inhibitor activities increased at pH 3.0 and 12.0, and decreased at pH 7.0 after mixing the sperm samples collected from numerous drones (Table 3). Oscillation in these activities stemmed from sperm coagulation.
Poorly pronounced narrow bands associated with both high-and low-molecular protease inhibitors were observed in the sperm electrophorograms (Table 4) . Following sperm coagulation, additional broad bands associated with low-molecular protease inhibitors appeared. The molecular weights ranged from 28 kDa to 55 kDa. 14 kDa-heavy protease inhibitor bands were found in all the samples. Explanations: * proteins with that molecular weight were not detected, MW -molecular weight; OD -width of the bands.
Discussion
The most common reason for semen coagulation is the advanced age of drones . Old drone sperm samples displayed the lowest sperm surface protease activities. In old drones, the spermatozoa undergo slow morphological and biochemical changes in the intraluminal environment of the epididymis. These changes are termed epididymal maturation. During this particular maturation, numerous molecules in the acrosome and membrane undergo biochemical modifications that alter their immunostaining pattern, suggesting redistribution to adjacent cellular domains. The molecules in the plasma membrane may play a variety of roles during fertilization, and this molecular rearrangement can help to accomplish these different functions (Rutllant & Meyers 2001; Rhodes et al. 2011) . The immunostaining pattern of the sperm may be modified by a change in the activity of enzymes associated with the sperm and mucus cell membrane. An increase in sperm protein concentration with a decrease in protease and protease inhibitor activity may cause irreversible changes in sperm physiology, for example through coagulation. Another issue is the control and synchronisation of the maturation process by the endocrine system (Rutllant & Meyers 2001; Colonello & Hartfelder 2009) . During copulation, the drone sticks out an endophallus (Woyke 2008) and transfers sperm together with a highly viscous mucus secretion. This secretion rapidly polymerizes when exposed to air. In the normal sperm of one of the drones, activities of ten proteases in the molecular weight range of 14-120 kDa were observed. The number of bands, molecular weights and in vitro activities of these enzymes decreased after mixing sperm from some of the drones. Baer et al. (2009a) detected three proteins in honeybee seminal fluid -two proteases and a 90 kDa heat shock chaperone. Their roles in protein degradation or activation by proteolysis can be considered. They may also play a role in the selective stability of some proteins in the seminal fluid. These enzymes can provide the necessary matrix for the seminal fluid that ensures favorable environment for the sperm, as well as protecting it from microbial attacks (Baer et al. 2009a) . Analysing spermathecal fluid on an SDS-PAGE gel, Klenk et al. (2004) identified a band corresponding with a 29kDa-heavy protein homologous to triosephosphate isomerase. They suggested that it was not serving a glycolytic function in the queen but aiding in sperm storage. Results from our studies demonstrated neutral proteases and protease inhibitors with a similar molecular weight of 28 kDa in all the sperm samples, both normal and coagulated.
We found metalloproteases in the coagulated sperms. These enzymes are activated in honeybees in cases of homeostasis disturbance, e.g., due to environmental pollution, in the use of acaricides and in cage tests (Delaney et al. 2011; Strachecka et al. 2011 Strachecka et al. , 2012a . Baer et al. (2009a) described metalbinding proteins, allergens and antioxidant defence proteins which bind pheromones or produce aromatic aminoacids known as stress tolerance agents. It was also shown that these enzymes affect the development of the reproductive system by promoting a normal development/maturation of spermatides in Drosophila melanogaster (Hurst et al. 2003) . It is important to stress that the detection of certain proteins in the seminal fluid and sperm does not necessarily result from contamination as some proteins might co-occur in vivo. We did find aspartic and serine proteases in the normal sperm samples and aspartic, serine, thiolic and metallic proteases in the coagulated semen. In different physiological and environmental conditions drones and their sperm have a different metabolic network with different functional categories, metabolites etc. (Toshimori 2000; Baer et al. 2009b ). Thus, different types of enzymes are activated and this fact was observed in our work. Obviously, the different metabolic steps are interlinked with many products representing substrates for other reactions. This correlates with the requirement for the spermathecal fluid to maintain homeostatic functions for years, perhaps with only a small set of entry metabolites (Baer et al. 2009b ). Collins et al. (2006) and Boer et al. (2009) believe that proteolytic proteins may be involved in sperm motility and survival in honeybee semen. Moreover, Acps in D. melanogaster may serve as coagulation factors related to mating plug formation.
In the present study, three optimum pH levels -3.0, 7.0 and 12.0 were observed at which enzymes were activated. Collins et al. (2006) made a similar observation. The activation may result from changed metabolic processes during semen storage. The spermathecal lumen has an alkalic pH of 8.6 (Gessner & Gesner 1976) , which may induce sperm dormancy (Lensky & Schindler 1967) . To protect sperm cells from oxidative stress antioxidant and proteolytic enzymes (mainly protease inhibitors) found in the spermatheca are used (Weirich et al. 2002; Boer et al. 2009 ). The seminal fluid of D. melanogaster was found to contain the Acp62F protease inhibitor as a sperm preservative (Lung et al. 2002; Collins et al. 2004) . Acp62F has trypsin inhibitor activity and weak chymotrypsin inhibitor activity (Lung et al. 2002) and we found serine protease inhibitors (at pH 7.0) in the honeybee seminal fluid. A small Kazal-type serine protease inhibitor (AaegSfp3) was detecteded in the mosquito (Sirot et al. 2011) .
Coagulation of seminal fluids is related to sperm competition (Dixson & Anderson, 2002) and proteins contained in particular semen coagulate when in contact with the spermatozoa of another drone in order to immobilize them (Tofilski et al. 2012) . Although the drones in our study originated from one paternal colony, the chromosome complement transferred by the mother may have been different. Therefore, the spermatozoa may have had slightly different proteins in the seminal fluid. Having been mixed in the insemination needle, these may have caused coagulation. As it turns out, not only sex locus incompatibility (Koeniger & Koeniger 2000) but also incompatibilities in surface proteins, proteases and protease inhibitors may lead to complications during insemination.
